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Abstract

Due to lack of a standard for modeling the radar echo signal in terms of signal unit and
coordinates as well as lack of a standard in designing the gain factors in each stage of a processor,
absolute radiometric calibration of a SAR system is usually performed by treating the sensor and
processor as one inseparable unit. This often makes the calibration procedure complicated and requiring,
the involvement of both radar system engincers and processor engincers in the whole proms. This paper
introduces a standard for modeling the radar echo signal and a standard in designing the gain factor of a
ScanSAR processor. In this paper, the radar equation is derived based on the amount of energy instead of
the power received from a backscatterer. These efforts lead to simple and easy-to-understand equations
for radiometric compensation and calibration.

1. INTRODUCTION

This paper describes the radiometric compensation algorithm proposed for the Radarsat
ScanSAR processor. A detailed analysis for the radar signal and noise energy distribution is also given to
facilitate the understanding of the compensation equation. A radiometric calibration procedure similar to
that applicd to the Magellan SAR data is then described.

It starts with the discussion of proper scaling for the SAR raw data. It then shows the scale faclors
that must be incorporated in cachstage of the processing module for designing a unit gain processor.
Signal and noise analysis in terms of energy arc introduced then. 1t follows by the description of the
radiometric compensation process and calibration steps.

2. UNITS OF SARSIGNAT, AN ) COORDINATES

The original radar signal is one dimensional with its unit given by voltage. Its instantancous
power can be formulated by the square of the signal times the reciprocal of the output impedance of the
receiver. The energy over atime period is given by the integration of the instantaneous power over that
period. ‘1 ‘his can be expressed by

K, :Jz’ 1.§2(1) dr (1)

For a SAR system, a SAR processor engineer usually t reats its signal as a two dimensional one
with one coordinate named the fast time 7 and another coordinate named the slow time ¢. In this case, the
interpretat ion of the unit of the SAR signal may require some consideration. A simple approach is to
make a reasonable assumption that the two-dimensional integration of the square of the signal is equal to
the total signal energy. This can be expressed by

I= j S* (I, ?) @




Inorder for (2) to be consistent with (1), S (¢, 7) must equal to the product of 7) and +/PRI* | Z where

PRF is the pulse repet i tion frequency. Thus, the' unit of the SAR input signal becomes (joule-Hz) /2. Since
digital SAR datais quantized by the quantizationlevel of the ADC, dV , the scale factor for the SAR raw
data must also include dV. Therefore, one must convert a SAR input signal by a scale factor of

NPRF [Z-dV before inputto the SAR processor.

3. SAR CORRELATION WITH UNITY GAIN

For aburst mode SAR like the Radarsat ScanSAR, the correlation process involves fast Fourier
correlat ion in range and azimuth deramp-FF1" process. Both processes may int roduce additional gain if
they arc not properly scaled. To ensure unity gain from SAR correlat ion process, the standard process
described below should be followed.

A fast Fourier correlation is an implementation approach for a correlation or convolution process
through the usc of FFI" algorithm. In arange compression process, the convolution can be expressed by

R0 = f:(r) g - 1) dr

where C(1) is the range echo data and g,(.) is the range reference function designed for both resolution
compressing and impulse response shaping. Since C(f) is a random process, in order to maintain

JR7' () dt = 9:2 (t)dr, the following condition must be satisfied

Jg,z(l) dr=1

Also to be noticed is that the gain of the standard FFI' is not the same as that of a Fourier transform. A
Fourier transform is given by

Sy = [sw e
In discrete form, it is given by
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A conventional I«‘l"l‘lroutine gives a normalized result such that afactor of Atisignored, i.c.,
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Therefore, iln evaluating the signal power in spectral domain, the gain of the power differs by a

factor of At2. Based on this, the followi ng steps must be implemented in the Radarsat ScanSAR process:

At

[1] in range compression, afler the forward FET, a factor of Af must be multi plied to the spectrum,
where At isthe range sampling interval.

[2] Inrange compression, after the inverse FiF, a factor of Af = fs/Nfﬂ must be multiplied to the
spectrum, where f is the range sampling frequency and fol is the range ¥FI' length.
However, standard inverse 11 does have a scale factorof 1/ fol , therefore, the factor to be
multiplied is f; It should be noted that the scale factor introduced in step[2] is the reciprocal

of the scale factor int roduced in step [1].
[3]In azimuth compression, after FFI, afactor of Af= I/YRF’ must be multiplied to the spectrum.

in azimuth processing for the ScanSAR data, the deramp reference function is the composite
function of the deramp phase function and a weighting function. The deramp phase function does not
affect the radiomet ric gain, but the weighting function could int reduce a gain factor. To ensure unity gain
in azimuth processing, the weighting function must be normal ized, i .e.
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4. SIGNAIL. ENERGY FROM TARGET

1 etthe power and duration of a radar pulsc given by I’, and 1, respectivel y, the energy

contained in a burst of radar pulses is then given by
T
B, - N,,JOPI’, d =N, P o1,
where Np is the number of pulses in the radar burst. The energy of each radar pulse is distributed to all
directions in the space with a percentage proportional to the gain of the antenna pattern. In aSAR sysiem,
the radar beam is pointed to the ground, therefore, this energy is finally distributed to areas within the
antenna footprint. If the burst interval is relatively short, the amount of along-track migration of the
antenna footprint during the burst interval will be small as compared to the dimension of the footprint.
Under this assumption, wc may consider that the energy of all Np pulses is distributed to the footprint
with the same distribution function as that of asingle pulse. For a small area dA within the footprint, the
amount of energy reflected in aburst of radar pulsesis given by
G(0.¢)
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where R is the distance between the radar and the target, G(0, ¢) is the antenna gain, and Of, is the radar

look angle. 1 .ct o be the cross section of a point-like target, the energy reflected from this target is then
given by

G(0,¢)
4 n R?

If the scatterer isiso-tropic, the energy received by the radar antenna from the signal reflected from dA is
given by

I’:] = Np ]’1 T])
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where Ae is the effective antenna area. Since Ae s given by (12/4 m) G(0,¢) and the receiver gain can be
expressed by Gy, the energy received by the receiver can be rewritten as
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For a distributed target, a cross section is substituted by the integral of the product of the backscattering
cocfficient oy and an infini tesimal arca of the targetd4, i.c.
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5. NOISE ENERGY

The noise power of aradar is usually modeled by

r,: kKT, RBG,
where K is Boltzmann's constant, 7', is the equivalent noise temperature, and B is the bandwidth of the
radar receiver. Within a collected burst echoes, the total noise energy is given by

E, = KT,BG, Ny,



The amount of noise energy over a fraction of the echo duration dt and a fraction of the frequency
band wid th df can be expressed as
ln= KT, B G, Ny dt - ‘;{l (5)
in ran~e-Doppler image domain, the amount of area covered by the corresponding window of dz df can
be shown to be dA = dx dy, where dr = ¢ dt/(2sin0;) and dy = A Rdf/(2V, sin 0, ), K is the distance
between the radar and the target, 6; is the incidence angle, and 0, is the radar squint angle. Equation (3)
can therefore be rewritten as _ _
E,= KT,BG,N,dx dy4-v 3N 0;SN Oyg 6)
d ¢A R PRF
From the signal and noise energy given in (4) and (6), the signal-to-noise ratio can be formulated as
_P G*(0,9)A%(c 1,/2) %0 PRI
2 (4 m)*V, R*(K1,B) Sin Osin 0,
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6. GROMETRIC RECTIFICATION WITI 1 UNITY GAIN

in burst mode SAR processing, a range-Doppler image is formed a fter range and azimuth
compression processes. To allow mosaicking for image framelets obtained from SAR bursts, geometric
rectificat ion must be made for each range-1 Jopplerimage. As shown in section ?, there are conversion
factors between the delay time and the cross-track ground distance and between Doppler frequency and
along-track ground distance. To preserve energy level, these conversion factors must be properly applied

to the rectified framelets. in equat ion form, it is given by Fydt df = ) dx dy. It is obvious that the scale
factor S= E,/F4 should be equal to

dr df 4 Vs sin 0; sin Osq (7)
de dy c AR

in Radarsat ScanSAR processing, two elevation maps will be used; a smooth geode model and a
fine DEM. When afine DEM is applied, the above scale factor will vary significantly within the radar

footprint such that it must be computed frequently. If a smooth geode isapplied, S could be asingle
constant for the whole framclet.

S-

in implementation, wc may consider to combine this scale factor multiplication with the
radiomet ric compensation process to reduce the overall computation load. 1f it is done in the gcomet ric

rectification process, v/§ instead of S should be used since the signal is still in amplitude instead of
intensity (amplitude square).

7. RADIOMETRIC COMPENSATION EQUATION

Now wc may formulate the radiomet ric compensation equation under the assumption that (1) the
range and azimuth compression processes arc with unity gain, (2) the geomet tic rect ification is already
compensated by the scale factor given in eguation (7), and (3) the final image framelet represents the
normalized backscaticring coefficient. ‘1'hen, based on eguation (4), the radiometric compensation
equation is

35,4
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where I2(x, y) is the square of the framelet pixel value in unit of joule/meter2 if the radiometric
compensation process not performed, P, is the transmitted radar pulse power in watt, and G ,isthenet

receiver gain which includes gain factors from the antenna down to the ADC.



To output pixel with value in term of the backscattering cocfficient, the gain factor of
4 n’k? (”rl,,NpI’,G,G2 (0, 9)A% )" should be multiplied to the SAR framelet data in the radiometric
compensation process which is usually done right before or after the geometric rectification process.

The above equation is useful to come to the understanding of the radiometric compensation, but,
itis difficult to realize due to many unknown factorslike G_, 7, and Py . A prectical approach isto model

al the unknown factors through the radiometric calibration process. ‘I’ his calibration process will be
described below.

8. RADIOMETRIC CALIBRATION

When the gain of a SAR processor is unity, the radiometric calibration can be broken down as the
processes to calibrate the sensor and to verify the processor gain of being unity.

To calibrate the sensor, it may be accomplished by (1) model the gain factor 87 of the link

between the transmitter end and the antenna end which may involve a cable and the antenna itself and
(2) tocollectarechirp from an attenuated echo box directly connected to the transmitter end and to
compute the sensor gain based on the attenuation factor, the transmitter power, the radar pulse width,
and the encrgy of the collected echo at the end of an ADC. This calibration will give us a constant
representing the product of the uncertain factor of the transmitter power and the receiver gain from the
transmitter endto the ADC digital output. This calibration constant times the product of the estimated
radar power and the gain factor 87 will be used to replace the product of 1/( P,G, ) in equation (8).

To verify that the gain of the processor is uni ty, wc need (1) ssmulated raw data of either a point-
target response or a Gaussian random process, (2) an assumed set of radar parameters including PRF and
range sampling frequency, (3) an assumed sctof radar platform parameters including radar position,
velocity, terrain elevation, and radar look angle. The SAR raw data will be processed with a set of
processing parameters derived from data given in step (2) and (3). ‘t" his process will, however, exclude the
radiomelric compensation process. To satisfy the verification of processor, the total energy after this
process should be equal to the total energy in the raw data

9. CONCLUSION

Some scale factors arc ignored in the above analysis for simplification. These may include the
scale factors introduced along range as an automatic gain control for the range intensity variation, the
transmit ter power variation factor, the receiver gain variat ion factor, and the at mosphere at tenuat ion
factor.

The radiometric compensation process for Radarsat ScanSAR datais given in this paper. ‘I his
process requires a unity gain processor which has the advantage that the signals in all modules are
calibrated such that they can be used for measuring the amount of energy. The concept of this processor is
simple, clear, and easy for implementation. The sensor calibration reguires to collect only one radar pulse
echo reflected from an echo box. This should not be difficult to obtain.
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